We have designed and manufactured a flanged coaxial line as a sample holder for measuring the electromagnetic interference ͑EMI͒ shielding efficiency ͑SE͒ of planar materials in broadband frequency ranges up to 18 GHz. Connecting the samples holder to a vector network analyzer (50 MHzрMр13.5 GHz), we measured the S ͑scattering͒-parameters and the EMI SE of copper ͑Cu͒ as a highly conducting material and emeraldine salt form of polyaniline ͑PAN-ES͒ as an intermediately conducting one. The measured EMI SEs of the materials from 50 MHz to 13.5 GHz were compared with those obtained from the conventional ASTM D4935-99 method and theoretical simulation using dc conductivity. We observed that the EMI SEs measured by using both experimental techniques agree with each other in the common frequency range (50 MHz ϳ1.5 GHz). The EMI shielding characteristics of samples such as the contribution of absorption and reflection to total EMI SE were analyzed through the measured S parameters.
I. INTRODUCTION
The complex S ͑scattering͒ parameters of materials measured by using a commercial vector network analyzer ͑VNA͒ in the radio and microwave frequency range provide complex permittivity ͑⑀͒ and permeability ͑͒, electromagnetic interference ͑EMI͒ shielding efficiency ͑SE͒, and EMI shielding characteristics. 1 The S parameters represent the reflection and transmission coefficient of the materials, which are important for both scientific research and industrial applications. The study of the intrinsic properties of materials in radio and microwave frequency has been limited to a single frequency or narrow-band frequency range by using cavity perturbation, 2 slotted-line, 3 and impedance-bridge methods. 4 Techniques to measure complex S parameters in broadband radio and microwave frequency range by using a coaxial line have been developed. For instance, one can measure the EMI SE by using the ASTM D4935-99 method up to 1.5 GHz. 5 This measurement is relatively simple and covers broadband frequency, because the transverse electromagnetic ͑TEM͒ mode is dominant for propagation, and absorption and transmission of the sample are indicative of scaled-down plane wave measurements inside the sample holder. The precision 7 mm beadless air line sample holder has been commonly used to measure the S parameters in broadband frequency ranges. 6 However, for planar materials such as free standing film or thin film, this measurement technique has a major problem such that the results might be inaccurate and irreproducible due to contact resistance between the sample and sample holder. 7 As commercial, military, and scientific electronic devices and communication instruments are used widely, there has been an increased interest in shielding against electromagnetic ͑EM͒ radiation. The EMI SE of materials obtained from the power ratio of incident and transmitted EM waves, equivalent to the S parameters, has been used to determine shielding capability. To measure the EMI SE of materials, the ASTM D4935-99 method has been commonly used up to 1.5 GHz. Recently some electrical equipment such as wireless telecommunication devices have been operated in frequency ranges above 1.5 GHz. Therefore, a measurement system of the EMI SE of materials to cover above 1.5 GHz has been required. In the ASTM D4935-99 method, one can measure the transmission only of EM radiation through the shielding material, because of the use of the conventional radio wave or microwave generator. By using the VNA and the S-parameter set, one can measure both reflection and transmission. Then the absorption and the reflection contributions of material to total EMI SE are characterized.
We have designed and manufactured a flanged coaxial line as a sample holder which measures the S parameters of planar materials in the extended frequency range up to 18 GHz. The principle to develop the flanged coaxial line sample holder is based on extending the cutoff frequency to propagate the TEM wave by using the smaller diameter of the coaxial line and improving the electrical contact between the sample and the coaxial line by the flange.
In this article, a method to measure the EMI SE and its characteristics up to 18 GHz by using the newly developed flanged coaxial line sample holder and the VNA are presented. For the test materials of the EMI SE, we use copper ͑Cu͒ and conducting polymers. The measured EMI SEs of the materials are compared with those obtained from the ASTM D4935-99 method and the theoretical simulation using direct current ͑dc͒ conductivity in the common frequency a͒ Author to whom correspondence should be addressed; electronic mail: jjoo@korea.ac.kr range. The EMI shielding characteristics such as the contribution of the absorption and reflection to total SE of the materials are discussed through the measured S parameters.
II. THEORETICAL BACKGROUND

A. Transmission line theory
The principle of the design of the flanged coaxial line sample holder is based on the transmission line theory. 8, 9 For the coaxial transmission line, the principal mode of propagation is the TEM wave. The distribution of electric field (E) and magnetic field (H) in the coaxial transmission line is shown in Fig. 1͑a͒ .
For transverse electric modes, the cutoff frequency f c and cutoff wavelength c calculated from dimensions of effective circles of a coaxial line are described as
where n is a positive integer, nϭ1 for principal mode, and c is the speed of light. In addition, r 2 is the inner radius of the outer conductor and r 1 is the radius of the inner conductor as shown in Fig. 1͑b͒ . The f c of higher transverse magnetic modes estimated from the difference of the radii between the inner and outer conductors is described as
where m is a positive integer. The coaxial transmission line operated in the principal TEM mode has no cutoff frequency, and can be applied to broadband devices. Based on Eqs. ͑1͒ and ͑2͒, one can extend the f c through the coaxial line with smaller radii of inner and outer conductors.
In order to reduce impedance mismatches between the sample holder and the adapters, the characteristic impedance of the flanged coaxial line sample holder is fixed to be 50 ⍀. The characteristic impedance of coaxial line (Z 0 ) is described as 9 Z 0 ϭ( 0 /2ͱ⑀ r Ј)ln(r 2 /r 1 ) (⍀), where 0 is the free-space wave impedance and ⑀ r Ј is the real part of the relative permittivity of the dielectric material between conductors. The characteristic impedance of the coaxial line is determined by the ratio of radii of the inner and outer conductors. The impedance mismatch can be avoided by keeping the ratio r 2 /r 1 constant.
B. EMI SE
EMI shielding is the protection of the propagation of electric and magnetic fields from one region to another by using conducting or magnetic materials. EMI SE is defined as 1, 9 EMI SEϭ10 log
where P I (E I ) and P T (E T ) are the power ͑electric field͒ of incident and transmitted EM waves, respectively.
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From the boundary conditions of transverse EM waves in the far-field region, the relation between the electric fields of incident, reflected, and transmitted EM waves at multilayer film is generally described as
where E I Ј is the electric field of reflected EM wave. Here, matrices A and B are written by
where iϭͱϪ1. Here, k j is the wave vector of the EM wave in the jth layer of multilayer film and d j is the thickness of the jth layer. In addition, k j is the function of permittivity (⑀ j ), permeability ( j ), and conductivity ( j ) of the jth layer at a given frequency ( f ϭ/2) such as k j 2 ϭ 2 j ⑀ j ϩi j j .
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For a single layer of shielding material, the EMI SE obtained from Eqs. ͑4͒ and ͑5͒ is described as the sum of the contribution due to reflection (SE R ), absorption (SE A ), and multiple reflections (SE M ) in the following:
Here, n is the index of refraction of shielding material and Im (k) is the imaginary part of wave vector in the shielding material. 
C. EMI shielding characteristics
The S 11 ͑or S 22 ) and S 12 ͑or S 21 ) parameters of the twoport network system represent the reflection and transmission coefficients, respectively. According to the analysis of S parameters, transmittance ͑T͒, reflectance ͑R͒, and absorbance ͑A͒ through the shielding material can be described as
Aϭ1ϪRϪT. ͑11͒
Here, it is noted that A is given with respect to the power of the incident EM wave. If the effect of multiple reflection between both interfaces of the material is negligible, the relative intensity of the effectively incident EM wave inside the materials after reflection is based on the quantity as 1ϪR. Therefore, the effective absorbance (A eff ) can be described as A eff ϭ(1ϪRϪT)/(1ϪR) with respect to the power of the effectively incident EM wave inside the shielding material. It is convenient that reflectance and effective absorbance are expressed as the form of Ϫ10 log(1ϪR) and Ϫ10 log(1 ϪA eff ) in decibel ͑dB͒, respectively, which provide the SE R and SE A as follows:
In the case of non-negligible SE M , however, the earlier relations are no longer valid and further analysis of the S parameters is required. Analysis of the contribution of absorption and reflection to total EMI SE is highly relevant for practical applications for the shielding materials such as camouflage or stealth technology.
III. SAMPLE HOLDER, MEASUREMENT SYSTEM, AND TEST SAMPLES
A. Flanged coaxial line sample holder
Figures 2͑a͒, 2͑b͒, and 2͑c͒ show the structure and dimensions of the flanged coaxial line sample holder fabricated in this study. The radii of the inner and outer conductors are 1.52 and 3.5 mm, respectively. The f c is about 18 GHz based on Eqs. ͑1͒ and ͑2͒, which is a more extended frequency range than that covered by the ASTM D4935-99 method (Շ 1.5 GHz). The smaller size of the shielding sample compared to the ASTM D4935-99 method can be used for the new flanged coaxial line sample holder. The test samples for the measurement were intercalated between the flanges of each side of the holders, and the insulating screws for capacitive coupling between the material and the flanges were used to fasten the holder together as shown in Fig. 2͑d͒ . The spacer made of polyester, which was transparent for both radio waves and microwaves, was used for holding the inner conductor in the center position. Measurement of the loaded case requires a disk shaped material with radius equal to that of the outer flange dimension ͑30.0 mm͒. The unloaded reference measurement was performed by using an annular shaped material matching the outer flange dimensions (7.0 mmр diameterр30.0 mm), and a disk matching the diameter of the inner conductor. The material for the load was the same as that for the reference. Using the reference sample, the capacitive coupling for the loaded case could be achieved at the reference level, maintaining the air between the inner and outer conductor. Figure 3 presents the schematic diagram of the measurement system for the EMI SE in broadband frequency ranges. The experimental setup consists of a Hewlett-Packard 8719ES VNA (50 MHzр f р 13.5 GHz) with a synthesized sweep oscillator and an S-parameter test set. The new flanged coaxial line sample holder ͑abbrev. new holder͒ was connected to the VNA. With the new holder and the VNA, we measured the S parameters from 50 MHz to 13.5 GHz. Measurement of the S parameters in the frequency range from 50 MHz to 1.5 GHz was also performed by using the ASTM D4935-99 method. For the sample holder in the ASTM D4935-99 method ͑abbrev. ASTM holder͒, an Electro-Metrics 2107A shielding effectiveness test fixture ͑the flanged coaxial line type with inner and outer diameters of 7.62 and 13.31 cm, respectively͒ was used. The sample holders and the VNA were connected with semirigid coaxial cables and connectors without interference from other components. All these components had a 50 ⍀ characteristic impedance to prevent mismatch. The VNA was calibrated for the full two-port measurements of reflection and transmission at each port. For measurements using the ASTM holder, the typical measurement error was Ϯ0.5 dB at single frequencies, which was the smaller than the allowable error Ϯ1.2 dB specified in the ASTM D4935-99 method. For measurements using the new holder, the typical measurement error was less than Ϯ0.5 dB, which proved the excellent repeatability of the measurement using the new holder in the frequency range from 50 MHz to 13.5 GHz.
B. Measurement system
C. Test samples
The powder form of emeraldine base of polyaniline ͑PAN-EB͒ from Neste Ltd. was an insulating material with dc conductivity ( dc )Ӎ10 Ϫ10 ⍀ Ϫ1 cm Ϫ1 . This was dissolved in an N-methyl-2-pyrrolidinone solvent. The freestanding films of PAN-EB with different thicknesses ͑90 and 20 m͒ were prepared by solution casting. The free-standing films of PAN-EB were doped with 1 M hydrochloric acid ͑HCl͒ solution for 24 h to prepare the free-standing films of emeraldine salt of polyaniline ͑PAN-ES͒, which was an intermediately conducting material with dc Ӎ10 ⍀ Ϫ1 cm Ϫ1 . For a highly conducting sample, we used the Cu plate with a thickness of 380 m and dc Ӎ6ϫ10 5 ⍀ Ϫ1 cm Ϫ1 . For the simulation of the EMI SE using Eqs. ͑5͒-͑8͒, the dc of the sample at room temperature was measured by using the Montgomery method. Figure 4 shows the measured EMI SEs of the two PAN-ES films with different thicknesses as well as a Cu plate by using both the ASTM holder (50 MHzр f р1.5 GHz) and the new holder (50 MHzр f р 13.5 GHz). The solid lines in Fig. 4 represent the theoretical EMI SE of PAN-ES films obtained from the simulation using dc . The theoretical EMI SEs of the PAN-ES films are essentially constant in the frequency range from 50 MHz to 13.5 GHz. The EMI SEs obtained through measurement by using both sample holders and the theoretical EMI SE are summarized in the table inside Fig. 4 . The errors of the measured EMI SEs were obtained by averaging the measured EMI SEs in the entire frequency range. Since the EMI SEs measured by using the new holder increase above ϳ10 GHz, the EMI SEs measured by using the new holder are slightly higher than those measured by using the ASTM holder. However, the EMI SEs measured by using both sample holders agree well with each other in the common frequency range ͑50 MHz-1.5 GHz͒, as well as with the theoretical EMI SEs. We confirm that measurement of the EMI SE in the extended frequency range ( f у1.5 GHz) by using the new holder yields reliable results. The EMI SE of the Cu plate in the measured frequency range is ϳ130 dB different from the 450 dB expected from the theoretical simulation, implying that the dynamic range of our measurement system for EMI SE is ϳ130 dB. The increases of the EMI SE above ϳ10 GHz observed for all samples might be an improper characteristic of the new holder. Figure 5 shows the EMI shielding characteristics of the PAN-ES film ͑thickness Ӎ90 m) by using both the ASTM holder and the new holder. The R and A of the PAN-ES film are ϳ70% and ϳ30%, respectively, as shown in Fig.  5͑a͒ . If the effectively incident EM wave is considered, Ϫ10 log(1ϪR) and Ϫ10 log(1ϪA eff ) are ϳ6 and ϳ12 dB, respectively, as shown in Fig. 5͑b͒ , which suggest that the contribution of the absorption is intrinsically dominant in the PAN-ES sample. Although Ϫ10 log(1ϪR) and Ϫ10 log(1 ϪA eff ) are different from SE R and SE A due to the nonnegligible SE M for the PAN-ES film, these physical quantities provide practical informations about the degree of contribution of the reflection and absorption to the total EMI SE. We observe that the EMI shielding characteristics as well as the EMI SE measured by using both sample holders agree well with each other in the common frequency range ͑50 MHz-1.5 GHz͒, and they are maintained in the extended frequency range up to ϳ10 GHz. These results demonstrate the validity of EMI SE measurement using the new holder.
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IV. EXPERIMENTAL RESULTS AND DISCUSSION
V. DISCUSSION
The new flanged coaxial line holder has been designed and fabricated to measure the EMI SE and its characteristics of planar materials in broadband frequency ranges up to 18 GHz. The measurement system was constructed by connecting the new holder to a commercial VNA operating in the frequency range of 50 MHz-13.5 GHz. As the test materials of the new holder, a Cu plate and two PAN-ES films with different thicknesses were used. For the intermediately conducting PAN-ES films, the measured EMI SEs using both the ASTM holder and the new holder were in accordance with the theoretical EMI SE. We observed that the EMI shielding characteristics such as R and A eff measured by using both sample holders agree well with each other in the common frequency ranges. We confirm that the new holder can be used for the extended frequency range up to 13.5 GHz for measuring the EMI SE and its characteristics. FIG. 5 . EMI shielding characteristics of the thick PAN-ES film analyzed ͑a͒ in terms of conventional parameters such as reflectance, absorbance, and transmittance and ͑b͒ in terms of parameters by reflectance and effective absorbance in decibels.
